Neurotrophins promote multiple actions on neuronal cells including cell survival and differentiation. The best-studied neurotrophin, nerve growth factor (NGF), is a major survival factor in sympathetic and sensory neurons and promotes differentiation in a well-studied model system, PC12 cells. To mediate these actions, NGF binds to the TrkA receptor to trigger intracellular signaling cascades. Two kinases whose activities mediate these processes include the mitogen-activated protein (MAP) kinase (or extracellular signal-regulated kinase [ERK]) and phosphoinositide 3-kinase (PI3-K). To examine potential interactions between the ERK and PI3-K pathways, we studied the requirement of PI3-K for NGF activation of the ERK signaling cascade in dorsal root ganglion cells and PC12 cells. We show that PI3-K is required for TrkA internalization and participates in NGF signaling to ERKs via distinct actions on the small G proteins Ras and Rap1. In PC12 cells, NGF activates Ras and Rap1 to elicit the rapid and sustained activation of ERKs respectively. We show here that Rap1 activation requires both TrkA internalization and PI3-K, whereas Ras activation requires neither TrkA internalization nor PI3-K. Both inhibitors of PI3-K and inhibitors of endocytosis prevent GTP loading of Rap1 and block sustained ERK activation by NGF. PI3-K and endocytosis may also regulate ERK signaling at a second site downstream of Ras, since both rapid ERK activation and the Ras-dependent activation of the MAP kinase kinase kinase B-Raf are blocked by inhibition of either PI3-K or endocytosis. The results of this study suggest that PI3-K may be required for the signals initiated by TrkA internalization and demonstrate that specific endocytic events may distinguish ERK signaling via Rap1 and Ras.
Neurotrophins have long been recognized for their role in regulating neuronal survival, cell growth, differentiation, and neuronal plasticity. The archetypal neurotrophin, nerve growth factor (NGF), elicits most of these effects by binding and activating the receptor tyrosine kinase (RTK), TrkA, which leads to the activation of several well-defined signaling cascades. Of these, the phosphoinositide 3-kinase (PI3-K) and extracellular signal-regulated kinase (ERK) pathways are two of the most extensively studied. PI3-Ks have been implicated in multiple biological responses including membrane trafficking, proliferation, differentiation, and survival (67) . These kinases consist of a family of proteins which phosphorylate phosphatidylinositol (PI) at the D3 position and have been categorized into three classes based on their lipid substrate specificity in vitro (96) . The lipid products of PI3-Ks {PI 3-phosphate [PI(3)P], PI(3,4)P, PI(3,5)P, and PI (3, 4, 5) P} are known to act as second messengers and mediate most of the known functions of PI3-Ks in cells (45) .
The mitogen-activated protein kinase family members, ERK1 and ERK2, can also be activated by a wide variety of stimuli to promote a diverse array of cellular functions (77) . In addition to their established role in mitogenesis, recent advances have identified both novel mechanisms of activation and novel functions of ERKs in neurons (26) . Following growth factor stimulation of neuronal cells, ERK is phosphorylated and activated by the dual-specificity kinase, MEK, which is phosphorylated and activated by members of the Raf serine/ threonine kinase family. The Raf family of protein kinases consists of Raf-1, B-Raf, and A-Raf. Neurons lack A-Raf but express the ubiquitous Raf-1 and the neuronal isoform B-Raf. Although Raf-1 is generally considered the classic upstream activator of MEKs in nonneuronal cells (3), Raf-1 is not a major MEK kinase in neuronal tissue (8) . Furthermore, in the neuronal model system, PC12 cells, Raf-1 may contribute less than 5% of the total MEK kinase activity following NGF treatment (110) , whereas B-Raf has been shown to be the major Raf isoform activated by NGF in these cells (6, 35, 36) . These studies emphasize the need to examine B-Raf regulation in order to understand ERK signaling in PC12 cells and neurons.
Activation of the B-Raf-ERK cascade is linked to RTK signaling by members of the Ras superfamily of small GTPases. We have previously shown that NGF can activate B-Raf and ERKs via two distinct pathways utilizing Ras and the related Ras family member, Rap1 (106) . The significance of these two pathways is that the engagement of Rap1-dependent signaling by NGF, but not epidermal growth factor (EGF), affords specificity to growth factor signaling. Ras-dependent signaling to ERKs is transient, whereas Rap1-dependent signaling to ERKs is sustained (106) . The sustained activation of ERKs via Rap1 has been proposed to participate in NGF-dependent PC12 cell differentiation, and a role for Rap1 in the induction of electrical excitability and NGF-dependent gene expression has been shown (90, 106) . Like all small GTPases, Ras and Rap1 are activated by specific guanine nucleotide exchange factors which stimulate the exchange of bound GTP for GDP. The association of B-Raf with either Ras-GTP or Rap1-GTP is an essential step in B-Raf activation.
Binding to its upstream small GTPase activator alone, however, is not sufficient for full B-Raf activation, suggesting that other factors are required (48, 51, 105) .
While PI3-K and ERKs are well-studied downstream targets of NGF, prevailing models have them existing as two distinct pathways with PI3-K and its target kinase Akt controlling cell survival and ERK signaling controlling cell growth or differentiation (18, 52) . As such, no one has looked extensively at the cross-talk between these two cascades in NGF signaling. Indeed, the role of PI3-K in ERK signaling in general is not completely clear. For example, overexpression of a constitutively active p110-␣, a PI3-K isoform, has been shown to activate the Ras-ERK pathway in at least one system (31) , but not in others (22, 37, 42, 47) . In addition, many studies have demonstrated a requirement of PI3-K activity for ERK activation by multiple diverse stimuli (13, 16, 17, 25, 40, 47, 76, 86, 89, 91) , while other reports failed to show a sensitivity of some of these same stimuli to PI3-K inhibitors (59, 78, 85, 92) . One explanation for these apparent discrepancies may be that the ability of PI3-K inhibitors to block ERK activation is dependent on the cell type, type of stimuli, and strength of the signal (17, 100) . However, the mechanisms through which PI3-K facilitates ERK activation are not known, and the role of PI3-K in regulating B-Raf activity has not been established.
The major goal of this study was to examine the role of PI3-K in NGF signaling to ERKs. We show here that PI3-K inhibitors block the activation of B-Raf and ERK by NGF in primary sensory neurons and PC12 cells. We demonstrate that PI3-K inhibitors block the activation of Rap1, but not Ras, and suggest that this may be due to the ability of these inhibitors to block TrkA internalization. In addition to these actions upstream of Rap1, we identify a requirement of PI3-K downstream of Ras. Both actions contribute to NGF-dependent signaling to ERKs in PC12 cells.
MATERIALS AND METHODS
Materials. PC12-GR5 cells were kindly provided by R. Nishi, Oregon Health Sciences University, Portland. Forskolin, PD98059, and LY294002 (LY) were purchased from Cal Biochem (Riverside, Calif.). Monodansylcadaverine (MDC), wortmannin, and 3-isobutyl-1-methylxanthine (IBMX) were purchased from Sigma (St. Louis, Mo.). NGF and EGF were from Boehringer Mannheim (Indianapolis, Ind.). Phosphorylation-specific mouse monoclonal antibodies (MAb) which recognize phosphorylated ERK1 (pERK1) and ERK2 (pERK2) at residues threonine 183 and tyrosine 185, as well as anti-ERK1/2 polyclonal antibodies which recognize ERK1 and ERK2 independent of phosphorylation on residues 183 and 185, were purchased from New England Biolabs (Beverly, Mass.). Phosphorylation-specific antibodies which recognize TrkA phosphorylated on tyrosines 674 and 675 (pTrkA) and Akt phosphorylated on serine 308 (pAkt) were also purchased from New England Biolabs, as were phosphorylation state-independent Akt antibodies. Polyclonal antibodies to ERK2 (C14-AC), B-Raf (C19), Rap1 (also called Krev-1), and TrkA (C14) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.). Anti-Flag (M2) antibody was purchased from Sigma. Anti-Ras MAb and anti-PI3-K (p85) rabbit polyclonal antibodies were from Upstate Biotechnology, Inc. (Lake Placid, N.Y.). Anti-myc MAb (9E10) was kindly provided by Andrey Shaw, Washington University, St. Louis, Mo. Nickel agarose (Ni-nitrilotriacetic acid [NTA]-agarose) was purchased from Qiagen Inc. (Chatsworth, Calif.) and radioisotopes were from NEN-DuPont (Boston, Mass.). All other reagents were from Sigma.
Cell culture. PC12 cells were maintained in DMEM (Dulbecco modified Eagle medium) plus 10% horse serum and 5% fetal calf serum on 100-mm-diameter plates to 60 to 70% confluence at 37°C in 5% CO 2 prior to harvesting. For immune complex assays and Western blotting, PC12 cells were maintained in DMEM containing 0.1% horse serum and 0.5% fetal calf serum for 16 h at 37°C in 5% CO 2 prior to treatment with various reagents. Adult dorsal root ganglion (DRG) neurons were cultured as previously described (12) . Briefly, ganglia were dissected from 250-to 300-g Sprague-Dawley rats, dissociated enzymatically, and plated on polylysine-and laminin-coated chamber slides for immunocytochemistry or 35-mm-diameter plates for B-Raf assays. Cells were maintained in F12 medium with 10% fetal calf serum. DRG cultures were serum starved in F12 medium for 4 to 6 h prior to treatment. The following drug concentrations were used to treat both DRG cultures and PC12 cells, unless otherwise stated: NGF (50 ng/ml), EGF (50 ng/ml), forskolin (10 M), IBMX (100 M), LY (20 M), wortmannin (200 nM), MDC (100 M), and PD98059 (40 M). All inhibitors were added 10 min prior to treatment.
Transfections. PC12 cells that were 60% confluent were cotransfected with the indicated cDNAs using Superfect from Qiagen Inc. according to the manufacturer's instructions. The vector pcDNA3 (Invitrogen Corp.) was added to each set of transfections to ensure that each plate received the same amount of DNA. Following 24 h of recovery, cells were starved overnight in DMEM containing 0.1% horse serum and 0.5% fetal calf serum before treatment and harvest.
Western blotting. Cell lysates were prepared as described previously (98) . Protein concentrations were assessed by the Bradford protein assay. Cell lysates containing equal amounts of protein per treatment condition were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by transfer onto polyvinylidine difluoride membranes. Membranes were blocked in 5% milk and probed with primary antibodies per the manufacturer's instructions followed by the appropriate horseradish peroxidase-conjugated antirabbit or anti-mouse monoclonal secondary antibody (Amersham). Proteins were detected by enhanced chemiluminescence.
Immune complex assays. For ERK and PI3-K assays, treated and untreated cells were lysed in a buffer containing 1% Nonidet P-40 (NP-40), 10% sucrose, 20 mM Tris-HCl (pH 8.0), 137 mM NaCl, 10% glycerol, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 g of leupeptin per ml, 1 mM sodium orthovanadate, and 10 mM sodium fluoride. The lysates were spun at low speed to remove nuclei, and the supernatant was assayed for kinase activity. ERK activity was assayed as described previously (98) using myelin basic protein (MBP) and [␥-32 P]ATP as substrates with equal amounts of protein per treatment condition. For PI3-K assays, supernatants containing 500 g of total protein were incubated with anti-PI3-K (p85) antibodies overnight at 4°C. A 50% slurry of protein G-Sepharose beads (20 l) was then added for 45 min. Beads containing immunoprecipitates were washed once with lysis buffer, twice with 1% NP-40 in phosphate-buffered saline (PBS), and once with distilled water. PI3-K activity was measured using PI as a substrate. PI (10 g/sample) was dried under nitrogen stream, resuspended in 10 l of 20 mM HEPES, and sonicated for 3 min. Washed samples were preincubated with sonicated lipid substrate for 10 min on ice prior to the addition of 40 l of a kinase reaction mixture containing 20 mM HEPES, 30 mM MgCl 2 , 20 M ATP, and 10 Ci of [␥-32 P]ATP per sample. After 15 min of incubation at room temperature, the reactions were terminated by the addition of 80 l of 1 M HCl. Lipids were extracted with a 1:1 chloroform-methanol solution and separated by thin-layer chromatography on silica gel 60 plates in a solvent containing chloroform-methanol-water-ammonium hydroxide (45:35:2.6:7.4 [vol/vol]). The incorporation of 32 P into PI was visualized using a PhosphorImager (Molecular Dynamics). To determine the location of phosphorylated PI, unlabeled phosphatidylinositol phosphate was run in parallel and visualized using an I 2 vapor chamber.
For B-Raf assays, untreated and treated cells were lysed in 1% NP-40 buffer containing 10 mM Tris (pH 7.4), 5 mM EDTA, 50 mM NaCl, and 1 mM PMSF. Immune complex kinase assays were performed as described previously (98) using MEK-1 and [␥-32 P]ATP as substrates with lysates containing equal amounts of protein per treatment condition. The reaction products of all kinase assays were resolved by SDS-PAGE and analyzed with a PhosphorImager (Molecular Dynamics).
Luciferase reporter gene assays. Following transfection of GAL4-CREB (7) , and 5XGal-E1b-TATA-luciferase (Gal-luciferase) (88), PC12 cells were treated with the appropriate stimuli for 4 to 5 h. Cells were then lysed, and equal protein amounts of lysate per condition were assayed for luciferase activity as previously described (98) . All experiments were performed with at least three independently treated plates per condition.
In vivo Rap1 and Ras activation assays. Activated Rap1 was isolated from cell lysates using a protocol adapted from that of Franke et al. (21) . Treated cells from three 70% confluent 100-mm-diameter plates were lysed in 400 l of ice-cold Rap1 lysis buffer (10% glycerol, 1% NP-40, 50 mM Tris-HCl [pH 8.0], 200 mM NaCl, 5 mM MgCl 2 , 1 mM PMSF, 1 M leupeptin, 10 g of soybean trypsin inhibitor per ml, 10 mM NaF, 0.5 mM aprotinin, 1 mM Na 3 VO 4 ). Lysates were clarified by low-speed centrifugation, and supernatants containing 2 mg of total protein were incubated with 40 g of glutathione S-transferase (GST)-RalGDS fusion protein (gift of J. L. Bos, Utrecht University, Utrecht, The Netherlands) coupled to glutathione agarose beads for 1 h at 4°C. Beads were pelleted and rinsed three times with lysis buffer, and protein was eluted from the beads with Laemmli buffer. Activated Ras was isolated from stimulated cell lysates using agarose-coupled GST-Raf1-Ras binding domain (RBD) provided in the Ras Activation Assay Kit (Upstate Biotechnology, Inc.) following the manufacturer's recommended protocol. The amount of Rap1 or Ras bound to beads was detected by Western blotting.
Nickel affinity chromatography. For studies examining polyhistidine-tagged Rap1 (His-Ras) or polyhistidine-tagged Rap1 (His-Rap1), transfections were performed using Superfect. Cells were lysed in a buffer containing 1% NP40, 10% glycerol, 10 mM Tris (pH 8.0), 20 mM NaCl, 30 mM MgCl 2 , 1 mM PMSF, 1 g of leupeptin per ml, 0.5 mM aprotinin, and 1 mM Na 3 VO 4 , and supernatants were prepared. Transfected His-tagged proteins were precipitated from supernatants containing equal amounts of protein using Ni-NTA agarose and washed with 10 mM imidazole in lysis buffer and eluted with PBS containing 500 mM imidazole and 5 mM EDTA. Eluates containing His-tagged proteins were separated by SDS-PAGE, and B-Raf protein was detected by Western blotting.
Equal amounts of each eluate were immunoprecipitated with B-Raf antisera, and B-Raf activity was measured by immune complex assay. Equal amounts of His-Ras or His-Rap1 in the eluates was confirmed by Western blotting.
Cell surface biotinylation. PC12 cells were grown in 35-mm-diameter six-well plates to 60 to 70% confluence prior to treatment. Treated cells were quickly washed on ice with ice-cold PBS. N-hydroxy-succinimide-biotin (Pierce) (1.5 mg/ml) was added to cells followed by a 30-min incubation with gentle motion at 0 to 4°C. Cells were rinsed three times with 0.1 M glycine in PBS to quench unreacted biotin prior to lysis in a solution of 1% NP-40, 20 mM Tris-HCl (pH 8.0), 137 mM NaCl, 10% glycerol, 2 mM EDTA, 1 mM PMSF, 1 g of leupeptin per ml, 1 mM sodium orthovanadate, and 10 mM sodium fluoride. Cell lysates were incubated with 100 l of a 50% suspension of UltraLink Immobilized NeutrAvidin (Pierce) for 2 to 4 h at 4°C. The beads were pelleted and washed twice with a high-salt wash buffer (0.1% Triton X-100, 500 mM NaCl, 5 mM EDTA, 50 mM Tris [pH 7.5]) and once with 50 mM Tris (pH 7.5). Biotinylated proteins were eluted from the beads by incubating at 80°C for 5 min in 2ϫ Laemmli buffer. The amount of TrkA bound to the beads was detected by Western blotting.
Immunocytochemistry. Cultures were fixed for 10 min in PBS containing 3% paraformaldehyde and 15% picric acid, followed by 10 min in cold 100% methanol. They were then rinsed in PBS and incubated for 30 min in blocking buffer consisting of 1.5% normal goat serum, 1% porcine gelatin, and 0.2% Triton X-100 in PBS. Primary and secondary antibodies were diluted in the same solution. Cells were incubated in primary antibody overnight, washed with PBS, and incubated with secondary antibody for 30 min (cyanine dye 3-conjugated donkey anti-rabbit or cyanine dye 2-conjugated goat anti-mouse diluted 1:200; Jackson Immunoresearch Laboratories, West Grove, Pa.). As a negative control, cells were processed without a primary antibody. Primary antibodies were used at the following dilutions: pERK, 1:1,000; Rap1/Krev-1, 1:500; B-Raf, 1:500; and Ras, 1:500. Cells were examined by epifluorescence and confocal microscopy. For pERK1/2 immunostaining in DRG cultures, the signal intensity in neuron cell bodies was quantitated from at least 100 cells per treatment condition using NIH Image.
Electron microscopy. PC12 cells were fixed in 4% paraformaldehyde and 0.05% glutaraldehyde in 100 mM phosphate buffer (pH 7.2) for 1 h at ambient temperature. Cells were rinsed in 100 mM phosphate buffer (pH 7.2), scraped off tissue culture dishes with a rubber policeman, and microcentrifuged into a pellet. The fixed cell pellets were infused with polyvinylpyrrolidone and sucrose (93) and prepared for cryosectioning (27) . Cryosections were immunolabeled as described previously (62) . Diluted antibodies were microcentrifuged prior to use. Following incubation with anti-Rap1/Krev-1 primary antibody (1:50 to 1:100 dilution), the sections were rinsed and incubated with protein A-gold (1:10) (Amersham Life Sciences, Inc.). Controls included substitution of primary antibody with purified rabbit immunoglobulin G or irrelevant antibodies.
RESULTS

PI3-K inhibitors block B-Raf and ERK activation by NGF in DRG sensory neurons.
Neurotrophins are known to promote the survival and differentiation of sensory neurons of the DRG during development. In adult sensory neurons, NGF acts as a potent survival factor following injury and is required for maintenance of the differentiated phenotype. Here, we examined the ability of NGF to regulate ERKs in cultures of adult rat DRG neurons. ERK activation was monitored by immunocytochemistry with a widely used phospho-specific ERK antibody which recognizes the phosphorylation of the two sites known to be responsible for ERK activation. NGF treatment of DRG cultures resulted in increased pERK staining in nearly half of the sensory neurons present in the DRG culture, consistent with previous studies showing TrkA expression in 40 to 50% of neurons in the ganglia (2, 57) . No pERK staining was observed in glial cells, which do not express TrkA (44) . The increase in ERK activation by NGF was completely abolished in the presence of the PI3-K inhibitor, LY (20 M) ( Fig. 1A , left panels). Wortmannin (200 nM), a fungal metabolite which inhibits PI3-K activity through an independent mechanism (60), also blocked NGF-induced pERK staining in these cells (data not shown). ERK activation by cyclic AMP (cAMP)-dependent signals was elicited by treatment with forskolin, an activator of adenylyl cyclases. LY had no effect on forskolin stimulation of ERKs ( Fig. 1A , right panels). Interestingly, forskolin stimulated ERK activation in all of the sensory neurons in DRG cultures but did not stimulate ERKs in glia. In cultures of DRG cells, B-Raf, an upstream activator of ERKs, was expressed exclusively in neurons ( Fig. 1B) . Together, these results are consistent with previous reports (19, 53 ) and support a model in which B-Raf expression accounts for the cell typespecific actions of cAMP on ERK activation (19, 81, 98) .
Biochemical examination of ERKs in cultured DRG neurons was complicated by the large number of glial cells which also express ERKs. However, the selective expression of B-Raf in DRGs (Fig. 1B ) allowed us to directly evaluate B-Raf activity in sensory neurons by immune complex kinase assay in mixed cell cultures. Using this assay, we observed an increase in B-Raf kinase activity following NGF treatment which was inhibited by the presence of LY ( Fig. 1C and D) .
PI3-K inhibitors block ERK activation by NGF in PC12 cells. To understand the mechanism through which PI3-K inhibitors block ERK activation by NGF, we examined this pathway in the neuronal model system, PC12 cells. In these cells, NGF activation of ERKs at both 5 and 40 min was blocked by LY (20 M), as assessed by both Western blotting with pERK antibodies and by immune complex kinase assay ( Fig. 2A and  B ). Raising intracellular cAMP levels by treatment with fors- kolin and the phosphodiesterase inhibitor IBMX stimulated ERK activation, as expected (98) . This activation by forskolin-IBMX was not blocked by LY ( Fig. 2A and B ) at concentrations that blocked NGF-stimulated PI3-K activity (Fig. 2C) . We further examined the role of PI3-K in NGF signaling by monitoring a physiological downstream target of ERKs. Previous studies have shown that NGF-induced gene expression mediated by the transcription factor, CREB, occurs via ERKdependent mechanisms (15, 24, 84, 104) . To determine whether PI3-K played a role in NGF's regulation of physiological targets of ERKs in PC12 cells, we examined CREB-dependent transcription using a GAL4-CREB-Gal-luciferase reporter system. NGF treatment of PC12 cells stimulated CREB-dependent transcription which was blocked by LY ( Fig. 2D, left  panel) . The magnitude of inhibition by LY was similar to that seen with the MEK inhibitor, PD98059 (Fig. 2D, right panel) . These studies suggest that the PI3-K-dependent regulation of ERKs in PC12 cells is important in controlling the activity of downstream ERK targets as well.
To confirm the specificity of the PI3-K inhibitors, we compared the actions of LY and wortmannin on ERK with their actions on PI3-K. Both LY and wortmannin blocked NGFinduced ERK2 activation in a dose-dependent manner (Fig.   3A ). The ability of LY to inhibit NGF's activation of PI3-K ( Fig. 3B) , as well as the inhibition of the PI3-K-dependent phosphorylation of Akt (Fig. 3C) , displayed a similar dose dependence, as did ERK inhibition ( Fig. 3A and B) . NGFinduced PI3-K and ERK signals also displayed a similar dose response to wortmannin (data not shown). We independently confirmed the role of PI3-K signals in NGF activation of ERKs by attenuating the action of PI3-K activity via the expression of lipid phosphatases which remove the phosphate from the D3 position. Transfection of cDNA encoding PTEN, a PI3-K antagonizing PI(3,4,5)P phosphatase (49) , abolished the ability of NGF to activate cotransfected myc-tagged ERK2 (myc-ERK2) ( Fig. 3D ), suggesting that the lipid products of PI3-K were required for ERK activation. This was confirmed in experiments expressing a mutant PTEN cDNA (PTEN-G129E) encoding a single amino acid substitution which specifically ablates its lipid phosphatase activity (58, 66) . PTEN-G129E had no effect on NGF-induced myc-ERK2 activation (Fig. 3D) . Together, these experimental results suggest that the ability of LY and wortmannin to inhibit ERK activation by NGF was a function of their specific inhibition of the lipid kinase activity of PI3-K. 
PI3-K inhibitors block activation of Rap1, but not Ras, by NGF.
To determine if PI3-K was required for the activation of upstream activators of ERKs in PC12 cells, we analyzed endogenous B-Raf activity by immune complex kinase assay following NGF treatment. Inhibition of PI3-K activity by LY completely blocked B-Raf activation at both early (5 min) and late (40 min) time points (Fig. 4A ). Our lab has previously shown that NGF activates B-Raf and ERKs via Ras and Rap1 (106) . Figure 4B shows the relative expression of Ras and Rap1 in both PC12 cells and DRGs. To determine the effect of PI3-K inhibition on Ras and Rap1, we monitored their activation by widely used affinity purification protocols. Rap1 activation was examined using GST-RalGDS and Ras activation was examined using GST-Raf1-RBD. Interestingly, pretreatment with LY completely blocked the ability of NGF to activate Rap1 but had no effect on NGF's activation of Ras ( Fig.  4C and D) . Similar effects were observed with wortmannin (data not shown). In these same cell lysates, the PI3-K-dependent phosphorylation of Akt by NGF was completely inhibited in the presence of LY (data not shown), demonstrating that LY was inhibiting PI3-K in these experiments. As with ERK activation, forskolin-stimulated Rap1 activity was not blocked by LY pretreatment (Fig. 4C) . The ability of LY to inhibit NGF activation of Rap1, but not Ras, was also observed using GTP loading assays (data not shown).
Active Ras also requires PI3-K to couple to B-Raf and ERK activation.
Previous results have suggested that ERK activation 5 min after NGF treatment is independent of Rap1 (106). To confirm this, we have measured ERK activation by NGF in the absence or presence of the specific enzymatic inhibitor of Rap1, Rap1GAP1. As shown in Fig. 5A , the expression of Rap1GAP1 completely inhibited the late phase of ERK activation by NGF (Ͼ20 min) with no effect on the early phase (5 min). At 10 min, we observed a partial inhibition of ERK which is consistent with the contribution of both Ras-and Rap1dependent signals to ERK activation at this time (106) . PI3-K inhibitors blocked B-Raf and ERK activation following 5 min of NGF treatment, without affecting Ras activity. This finding suggests that PI3-K activity might also be required at a step between Ras and B-Raf activation. To test this, we examined the requirement of PI3-K for Ras-GTP to activate ERK2. Transfection of cDNA encoding constitutively active Ras (RasV12) induced Flag-ERK2 activation, as assessed by anti-Flag immunoprecipitation followed by pERK Western blotting. This activation was blocked by either cotransfection of PTEN or treatment with LY, while neither PTEN nor LY blocked ERK activation by constitutively active Raf (BXBRaf) or constitutively active MEK (caMEK) (Fig. 5B ). These data demonstrate that PI3-K was acting downstream of Ras and upstream of B-Raf. To directly examine the ability of Ras to couple to B-Raf, we monitored the recruitment of B-Raf to Ras upon NGF treatment. NGF stimulation markedly increased the association of B-Raf with Ras. This association was blocked by LY (Fig. 5C ). In addition, both LY and PTEN blocked the ability of NGF to stimulate Ras-associated B-Raf kinase activity (Fig. 5D ). LY also blocked the ability of B-Raf to associate with NGF-stimulated His-Rap1 (data not shown), as expected, since LY blocked Rap1 activation, as shown in Fig. 4C .
PI3-K inhibition blocks TrkA internalization. In sensory neurons, PI3-K has been shown to be required for the retrograde transport of 125 I-labeled NGF from nerve terminals (70), but whether this action involved endocytosis or subsequent transport steps has not been established. As shown in Fig. 6A and B, the cell surface expression of TrkA in PC12 cells was reduced by NGF, presumably via endocytosis into vesicles containing activated TrkA (28, 29) . This effect was largely inhibited in the presence of LY. We detected a reduction in TrkA cell surface expression as early as 5 min of NGF treatment with a peak at 10 min. LY blocked this effect at all time points examined (data not shown). LY completely blocked phosphorylation of Akt, but not TrkA (Fig. 6C and D) , demonstrating that LY's actions were specific for targets downstream, but not upstream, of PI3-K. This suggests that PI3-K facilitates the endocytosis of TrkA, similarly to its action on the plateletderived growth factor receptor (65). (4, 56, 103) , several studies have shown that they are localized to different subcellular regions. In neuronal cells, Ras and Rap1 display distinct subcellular distributions (38) . In other cell types, Ras proteins are known to localize to the plasma membrane (4, 103), while Rap1 expression has been detected in intracellular compartments including the Golgi complex (4, 102) and late endosomes (64) . Here, we examined the subcellular localization of Ras and Rap1 using immunofluorescence techniques. In both DRG neurons and PC12 cells, Ras displayed a plasma membrane distribution, while Rap1 was localized to intracellular structures (Fig. 7A ). To further characterize these Rap1-containing structures, we examined the subcellular localization of Rap1 in PC12 cells by immunogold electron microscopy. Rap1 expression was not detected in the plasma membrane but was found associated with structures which resemble endocytic vesicles (Fig. 7B ). This observation, combined with the ability of PI3-K inhibitors to block TrkA internalization, suggests that one mechanism through which PI3-K inhibitors block NGF-induced Rap1-ERK activation might be through the inhibition of receptor-mediated endocytosis.
Blocking endocytosis mimics the effects of PI3-K inhibition on NGF-induced Ras, Rap1, and ERK activation. Clathrinmediated endocytosis is required for ERK activation by EGF (54, 63, 97) and insulin-like growth factor (10) . TrkA has also been shown to undergo endocytosis via a clathrin-mediated process (29) . Once internalized into endocytic vesicles, TrkA remains phosphorylated and continues to signal to downstream effectors (5, 20, 28, 71, 94, 109) , suggesting that internalization may be important for TrkA signaling as well. We employed the primary amine MDC, which is known to block clathrin-mediated endocytosis (68, 80, 82) , to examine Ras and Rap1 activation in the absence of TrkA internalization. As expected, MDC pretreatment blocked NGF-mediated endocytosis of TrkA ( Fig. 8A and B) . At 10 min following NGF treatment of PC12 cells, when both Ras and Rap1 are active, pretreatment with MDC (100 M) largely inhibited Rap1 activation by NGF but did not inhibit Ras activation (Fig. 8C and D) . As seen with LY ( Fig. 4B) , activation of Rap1 by forskolin plus IBMX was not blocked by MDC (Fig. 8C) .
Ras recruitment and activation of B-Raf were also blocked by MDC (Fig. 8E ). This suggests that endocytosis may be required for ERK activation at two sites, one site upstream of Rap1 activation and a second site downstream of Ras activation. Indeed, examination of ERKs revealed that MDC completely blocked ERK activation at 10 min (Fig. 9A) , presumably by blocking both sites. As seen with MDC's inhibition of Rap1, MDC blocked phosphorylation of ERKs by NGF, but not forskolin plus IBMX (Fig. 9A ). This inability of LY or MDC to block activation of Rap1 and ERK by forskolin plus IBMX may be due to the nature of the intracellular signal, cAMP, that is generated by forskolin. Unlike NGF, cAMP appears to be able to activate intracellular pathways upstream of Rap1 independently of endocytosis. NGF's activation of ERKs at 10 min was completely abolished following expression of an interfering mutant of dynamin (K44E), known to block clathrin-mediated endocytosis (1, 23, 101) ( Fig. 9B and C) . This result is consistent with recent evidence demonstrating that dynamin is required for TrkA internalization in PC12 cells (109) . As seen in PC12 cells, blocking endocytosis with MDC also blocked ERK activation in DRG neurons, as measured by pERK immunofluorescence (Fig. 9D ).
DISCUSSION
In this study, we show that NGF activation of B-Raf and ERK signaling in both DRG cultures and PC12 cells is blocked by inhibition of PI3-K. Multiple methods of inhibiting PI3-K, using both pharmacological and molecular agents, all had the same effect. Furthermore, this requirement of PI3-K was specific for NGF; the ability of cAMP to activate ERKs in both DRGs and PC12 cells did not require PI3-K.
We have previously demonstrated that both Ras and Rap1 pathways contribute to the activation of ERKs by NGF. Indeed, the co-ordinated signaling via these two pathways accounts for the ability of NGF to induce both sustained activation of ERKs and neuronal differentiation (106) . Interestingly, in this study, we demonstrate that the requirement for PI3-K in ERK activation by NGF may reflect distinct actions on signaling via Ras and Rap1. Thus, PI3-K inhibition blocked activation of Rap1 but not Ras. However, PI3-K did block the ability of activated Ras to couple to B-Raf and ERKs. Both actions of PI3-K prevent NGF from utilizing either Ras-or Rap1-dependent signals to activate ERKs.
Our data demonstrating the requirement for PI3-K in the activation of Rap1 may reflect a role in the endocytosis of activated TrkA receptors. We found that inhibition of PI3-K activity blocked TrkA internalization after NGF stimulation. Other blockers of endocytosis had the same effect as PI3-K inhibitors, preventing activation of Rap1 but not Ras. Taken together, we propose a model in which TrkA activation can stimulate Ras at the plasma membrane but requires PI3-Kdependent internalization to activate Rap1 (Fig. 10) .
A role for endocytosis in NGF signaling is consistent with the emerging view that internalization of active TrkA receptors into signaling vesicles is required for the downstream actions of neurotrophins (109) . For example, the ability of both NGF and TrkA to be transported in a retrograde fashion from the nerve terminal to the cell body has been demonstrated by many groups (5, 71, 83, 95) . Recent studies demonstrate that this retrograde transport process delivers active TrkA to the cell body which may be required for the stimulation of gene expression by NGF (5, 71, 94) . These conclusions are supported by studies in which signaling-competent vesicles containing active NGF-TrkA complexes were isolated from PC12 cells following clathrin-mediated endocytosis of TrkA (28, 29, 32) . Furthermore, these data are consistent with those of studies examining other growth factor receptors, as well as G-proteincoupled receptors, where clathrin-mediated endocytosis has been implicated in ERK activation (10, 14, 54, 63, 97) . There-fore, receptor trafficking may serve an important signaling function in addition to simply mediating receptor down-regulation via lysosomal degradation. It is possible that the sorting determinants and mechanisms for targeting proteins to signaling vesicles versus lysosomes may be differentially regulated for different ligand-receptor complexes (46, 99, 107, 108) . Whether such sorting events impart specificity in the ability of growth factors to activate Rap1-dependent pathways remains to be determined.
A proposed role for endocytosis is to bring activated receptors to the location of downstream signaling molecules (9) . Accordingly, the localization of Ras and Rap1 to distinct membrane compartments may account for the differential roles of PI3-K and endocytosis in Ras and Rap1 activation. Our data showing that Rap1 resides with vesicular membranes are consistent with the localization of Rap1 to endosomal compartments. In contrast, Ras is at the plasma membrane itself and can be activated by TrkA without additional endocytic events. Membrane targeting of Ras-like molecules is determined by postranslational modifications of their C termini. Differences in the C-terminal motifs found in Rap1 and Ras may account for their different membrane distribution (11, 50, 69) . Importantly, these differences in membrane distribution of Ras fam-ily members influence downstream signaling actions (69) . Our data suggest that their location may also determine how these small G proteins become activated.
PI3-K-dependent TrkA internalization may control differential activation of Ras versus Rap1 signaling to dictate the specificity of NGF action. Our lab has previously shown that in PC12 cells Rap1 is activated by NGF (106), but not EGF (98) . Furthermore, we have shown that Rap1-dependent signals contribute to growth factor specificity by mediating both the sustained phase of ERK activation by NGF and aspects of neuronal differentiation (106) . Differences in the kinetics of receptor internalization have also been proposed to impart specificity to NGF versus EGF signaling in PC12 cells (32) . In this study, Huang et al. have shown that TrkA remains associated with caveola-like membranes following NGF treatment, whereas EGF treatment results in the rapid depletion of the EGF receptor from this membrane population. Consistent FIG. 10 . Model of NGF signaling to ERKs. In PC12 cells, NGF activates Ras and Rap1 to mediate the rapid and sustained activation of ERKs, respectively. Both TrkA internalization and Rap1 activation require PI3-K. Clathrin-mediated endocytosis is also required for Rap1 activation and the sustained activation of ERK. In contrast, Ras activation by NGF is independent of both PI3-K activity and endocytosis. This may reflect the distinct localizations of Ras at the plasma membrane and Rap1 within endosomal compartments. PI3-K-dependent endocytosis may regulate ERK signaling at a second site downstream of Ras, since both rapid ERK activation by NGF and Ras activation of B-Raf are blocked by both PI3-K inhibitors and inhibitors of endocytosis. with these results, we have observed a more rapid internalization of the EGF receptor compared to TrkA following ligand stimulation (data not shown).
The slower internalization of TrkA following NGF treatment may allow for the assembly of signaling complexes which subsequently lead to Rap1 activation within the mature signaling endosome. It has been shown that the phosphorylation of the adapter molecule FRS2 recruits additional adapter molecules that contribute to the sustained ERK activation seen following treatment with NGF (43). One of these adapter molecules which binds phosphorylated FRS2 is Crk (55) . Crk has been shown to contribute to Rap1 activation via its association with C3G, the Rap1-specific exchanger (33, 61, 106) . Accelerating TrkA internalization by incubating PC12 cells with an NGF-antibody complex results in a transient activation of ERKs similar to that seen with EGF treatment (75) . Interestingly, acceleration of TrkA internalization resulted in a TrkA signaling complex that lacked critical phosphorylations, including phosphorylation of FRS2, that are required for sustained activation of ERKs. Here, we propose that the contributions of Rap1 signaling and endocytosis to sustained ERK activation are intimately connected; Rap1 participates in the late phase of ERK activation by NGF because Rap1 activation by NGF requires endocytic events.
One finding of this study was that the ability of Ras to couple to its downstream effector, B-Raf, was also blocked by inhibitors of PI3-K. This action explains the contribution of PI3-K to the early (Ras-dependent) activation of ERKs. This inhibition of Ras-dependent signaling downstream of Ras activation may also reflect a requirement of PI3-K for endocytic events. B-Raf is localized to vesicles within DRG neurons and PC12 cells, and this localization did not appear to change following NGF treatment (data not shown). Interestingly, Grimes and coworkers (29) have shown that NGF treatment leads to the redistribution of TrkA immunostaining to a pattern similar to that seen for B-Raf. Therefore, it is possible that endocytosis and subsequent vesicular fusion are required to bring Ras in contact with B-Raf, consistent with the ability of MDC to disrupt Ras-B-Raf complexes. This model is consistent with recent evidence suggesting that Ras is internalized into endocytic vesicles following growth factor stimulation (72) . The requirement of PI3-K in Ras-dependent activation of B-Raf may also depend on a second action of PI3-K. For example, recent studies suggest that phosphorylation of Raf-1 by kinases downstream of PI3-K may stimulate Raf kinase activity (74, 87) . In contrast, the direct phosphorylation of Raf-1 by the PI3-K target, Akt, has been shown to be inhibitory in some cells (79, 111) . However, this ability of Akt to inhibit Raf-1 appears to depend on the cell type and cellular context (73) . A similar study examining B-Raf has also been reported (30) , although no studies have been performed with neuronal cells. In any case, the data presented here demonstrate that PI3-K has indirect actions that enhance signaling through B-Raf.
The major significance of this study is that we show PI3-K is required for NGF activation of ERKs through its specific action in regulating TrkA internalization. Both PI3-K and ERKs are well-studied targets downstream of NGF. A prevailing view is that they represent the end points of distinct linear pathways and trigger distinct physiological actions. However, recent reports suggest that these pathways may be interconnected (34, 39, 41) . Here, we provide a biochemical basis for a model that these two pathways share overlapping functions within neurons and suggest that the regulation of endocytosis by PI3-K may provide an important mechanism to modulate ERK signaling cascades.
